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Ferulic acid (FA), a phenolic compound, is an abundant dietary antioxidant and exerts the mitogenic 
effect on cells. Recently, we isolated an active FA derivative, namely feruloyl-L-arabinose (FAA), from coba 
husk. The aim of this study was to investigate the effects of FAA on the proliferation, migration and inva¬ 
sion of HI 299 human lung cancer cells. Our results showed a strong antioxidant potential of FAA. Addi¬ 
tionally, FAA inhibited the migration and invasion ability, while causing a significant accumulation of G2/ 
M-population, of HI 299 tumor cells in a dose-dependent manner, whereas no significant change on cell 
proliferation was observed. Results from the wound healing assay revealed that cell migration ability was 
markedly inhibited by FAA treatments. Similarly, results of gelatin zymography study showed that FAA 
treatments significantly decreased the activities of matrix metalloproteinase (MMP)-2 and MMP-9, sug¬ 
gesting that FAA-mediated inhibition on migration and invasion of lung cancer cells may be achieved by 
the down-regulation of the MMPs activities. Taken together, our present work provides a new insight into 
the novel inhibitory function of FAA on cell migration in HI 299 cells, suggesting its promising role in the 
chemoprevention of lung cancer. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

Lung cancer is the leading cause of death in the world. The hu¬ 
man non-small cell lung cancer (NSCLC) accounts for 80-85% of 
lung cancer cases. More than one of three patients with NSCLC is 
surgically unavailable (Pirker and Minar, 2010). Until now, chemo¬ 
therapy is still the major approach in clinical NSCLC treatment (Ett- 
inger et al., 2010; O’Rourke et al., 2010; Pirker and Minar, 2010; 
Wagner and Yang, 2010). Despite the continuing efforts on improv¬ 
ing the current therapies and developing new regimens to treat 
lung cancers, both poor prognosis at the advanced stage of NSCLC 
and chemotherapeutic resistance contribute to the low survival 
rate of NSCLC patients (Wagner and Yang, 2010). Nowadays, 
numerous anticancer agents derived from natural products (Chiu 
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et al., 2011; Liu, 2011; Wang and Yi, 2008) have been shown to ex¬ 
hibit improved chemopreventive effects against lung cancer, and 
this may shed the light on the efficacy of lung cancer therapy. 

Ferulic acid (FA), or 4-hydroxy-3-methoxycinnamic acid 
(Fig. 1A), is an abundant aromatic natural constituent found in 
plant cell walls (Buanafina et al., 2010; Srinivasan et al., 2007). 
FA is known to exert potent effects on scavenging reactive oxygen 
species (ROS) and inhibiting lipid peroxidation, and thus has been 
approved as food additive to prevent lipid peroxidation in certain 
countries (Srinivasan et al., 2007). Recently, water-soluble FA sugar 
esters from wheat bran had been reported to stimulate the growth 
of Bifidobacterium bifidum (Yuan et al., 2005a), and effectively pro¬ 
tect normal rat erythrocytes against AAPH-induced oxidative dam¬ 
age (Yuan et al., 2005b). In in vitro studies, water-soluble FA sugar 
esters were found to possess effective antioxidant activity towards 
low-density lipoproteins oxidation and exhibit better scavenging 
activity on 2,2-diphenyl-l-picrylhydrazyl (DPPH) free radicals than 
FA (Ohta et al., 1997). In addition, water-soluble FA sugar esters 
exhibited protection capacity against oxidative damage due to 
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Fig. 1. Structures of ferulic acid (FA) and its derivative, Feruloyl-L-arabinose (FAA). 


diabetes (Ou et al., 2007). Additionally, the major site of FA absorp¬ 
tion is the colon, free FA and feruloyl-glucuronide could be effi¬ 
ciently transported through an in vitro model for the colonic 
epithelium consisting of co-cultured Caco-2 and mucus-producing 
HT29-MTX cells (Poquet et al., 2008). Based on these observations, 
FA and water soluble FA sugar esters demonstrated potential to be 
used as food additive for atherosclerosis prevention or other appli¬ 
cations involving its antioxidant capacity. 

Previous studies have shown that FA exhibited anti-proliferative 
effects on colon cancer cells (Janicke et al., 2011; Jayaprakasam 
et al., 2006), increased the radiosensitizing effects on cervical can¬ 
cer cells (Karthikeyan et al., 2011) and showed the protective ef¬ 
fects against chemical-induced DNA damages and/or 
carcinogenesis in various model systems (Stagos et al., 2005; Tana¬ 
ka et al., 1993). In another study however, FA was shown to enhance 
proliferation of MCF7 and BT20 human breast cancer cells (Chang 
et al., 2006), indicating the possibility that FA might exhibit differ¬ 
ent biological effects depending upon cancer cell types it interacts 
with. However, the antioxidant activity of identified FA sugar esters 
in a cell model has not yet to be reported. Although FA and its var¬ 
ious derivatives have been shown to exhibit the antioxidant effects 
in vitro and in vivo , they seem to possess diverse pharmacological 
functions, with some of which still remaining unknown. Therefore, 
the roles of FA derivatives in cancer cells remained to be fully inves¬ 
tigated. To date, studies performed to investigate the direct effects 
of FA and its derivatives on lung cancer cells have been limited. 

In the current study, we purified a FA derivative, feruloyl-L- 
arabinose (FAA) (Fig. IB) from coba husk of plant Zizania latifolia , 
and examined its antioxidant ability on the lung cancer HI299 cell 
line as many cancers are known to possess elevated ROS levels that 
enhance their mobility, invasiveness and metastatic capabilities. 
HI299 cell is a large cell carcinoma, one subtype of non-small cell 
lung cancer cells, and has been reported to exhibit a high invasive¬ 
ness compared to other lung cancer cells (Seo et al., 2009; Shatz 
et al., 2010). We hypothesized that FAA possesses anti-oxidant 
properties, causing the reduction of intracellular ROS that leads 
to decreased proliferation, altered cell cycle and reduced mobility 
in HI299 lung cancer cells. In addition, other effects of FAA, such 
as the scavenging ability of endogenous ROS, and influence on cel¬ 
lular invasion and proliferatory capacities, on HI299 cells were 
also examined. 

2. Materials and methods 

2.2. Preparation of FAA 

Zizania latifolia coba husk was collected from local farm in Pu-Li, Taiwan. After 
washed and oven-dried at 60 °C for overnight, samples were milled and passed 
through a 0.5 mm sieve. Samples were defatted immediately using n-hexane with 


the Soxhlet apparatus. The dry defatted sample was then used for insoluble dietary 
fiber (IDF) preparation according to a previously published protocol (Bunzel et al., 
2001 ). The mixtures of phenolic acid sugar esters were prepared from IDF of coba 
husk by chemical degradation with 0.2 M trifluoroacetic acid (TFA) at 100 °C for 
115 min. The acid hydrolysate was then applied to an open column (20 cm x 7 cm 
diameter) packed with Amberlite XAD-2. Elution was successively performed with 
2 volumes of distilled water, 2.5 volumes of 50% (v/v) methanol/water and 2 vol¬ 
umes of methanol. Considering of higher esterified ferulic acid content in the 50% 
(v/v) methanol/water fraction, this fraction was collected and concentrated for 
the isolation of phenolic acid sugar esters. Separation of phenolic acid sugar esters 
was achieved by means of further normal phase liquid chromatography with an 
open silica gel column (60 cm x 3 cm diameter) and semi-preparative RP-HPLC 
using a Inersile 10 ODS column (250 mm x 10.7 mm, VERCOPAK, Taiwan), and 
FAA was identified as the major product extensive spectrometric analysis (EI/MS 
and NMR) and by comparison with data reported in the literature (Saulnier et al., 
1999). Proton and 13 C NMR spectra in D 2 0 were recorded at 599.95 and 
150.87 MHz on a Varian Unity Inova-600 spectrometer locked on deuterated sol¬ 
vent and referenced to the solvent peak. Proton and 13 C NMR are relative to D 2 0 
at 5 = 4.8 and the center line of CD 3 OD at 5 49.0. The mass spectra (MS)-EI were re¬ 
corded on a Finnigan TSQ. Ultra EMR mass spectrometer with El source. FAA was 
isolated as a light yellow powder with a molecular formula C 15 H 18 0 8 (EI-MS; 
[M] + 326) and NMR data ( : H NMR(599.94 MHz, D20, 20 °C): 5 FA, 3.7 (3H,s, - 
OCH3), 6.05 (1H, d, J = 16.2 Hz, -CHCHCOO), 6.7-7.9 (3H, m, aromatic), 7.3 (1H, d, 
J = 15.6 Hz, -CHCHCOO); L-Araf, 5.3 (1H, d, reducing proton),4.4-4.0 (4H, m, sugar 
protons). 13 C NMR (150.87 MHz, D20, 20 °C): <5 169.06 [C-9]; 147.74 [C-4]; 147.41 
[C-3]; 146.47 [C-7]; 126.71 [C-l]; 123.38 [C-6]; 115.32 [C-5]; 123.38 [C-6]; 
113.50 [C-8]; 110.97 [C-2]; 101.37 [Ara/-Cla]; 95.46 [Ara/-Clp];81.37 [Ara/-C2oij; 
80.78 [Ara/-C4a]; 78.75[Ara/-C4|3]; 76.20[Ara/-C2(3]; 76.05 [Ara/-C3ot]; 74.54[Ara/- 
C313]; 65.47 [Ara/-C5(3]; 64.17 [Ara/-C5oc]; 55.63 [C-l0]) (Supplementary Fig. 1A 
and B). In all experiments in the study, FA and FAA was dissolved in DMSO (less 
than 0.1%) and H 2 0, respectively. 

2.2. Reagents 

The following compounds were obtained from Gibco BRL (Gaithersburg, MD, 
USA): Dulbecco’s modified Eagle’s medium (DMEM), F-12 medium, fetal bovine ser¬ 
um (FBS), trypan blue, penicillin G and streptomycin. Phosphate-buffered saline 
(PBS), ribonuclease A (RNase A), propidium iodide (PI), 2,2-diphenyl-l-pic- 
rylhydrazyl (DPPH) and 2 / ,7 / -dichlorofluorescin diacetate (DCFDA) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). The WST-1 Cell Proliferation Assay kit was 
purchased from Roche Molecular Biochemicals (Rotkreuz, Switzerland). 

2.3. Cell culture 

Human non-small cell lung cancer (NSCLC) HI299 cell line was obtained from 
the American Type Culture Collection (ATCC) (Manassas, VA, USA). Based on previ¬ 
ously published protocols (Ballal et al., 2002; Wagner and Yang, 2010) with slight 
modification, HI299 cells were maintained in DMEM: F-12 medium (3:2 ratio) 
and supplemented with 8% FBS, 2 mM glutamine and antibiotics (100 units/ml pen¬ 
icillin and 100 pg/ml streptomycin) at 37 °C in a humidified atmosphere of 5% C0 2 . 

2.4. Determination of endogenous ROS 

The changes in endogenous ROS levels were detected using the fluorescent indi¬ 
cator DCFDA (Sigma-Aldrich). A total of 1 x 10 5 HI299 cells were seeded onto a 6- 
well culture plate, treated with or without FAA for 24 h. Subsequently, attached 
cells were harvested and stained with 100 nM DCFDA in PBS for 30 min at 37 °C, 
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washed twice with PBS. The DCF fluorescence was measured by flow cytometry 
immediately. The measurement wavelengths for excitation and emission are 485 
and 530 nm, respectively. 

2.5. DPPH radical-scavenging activity assay 

The anti-oxidant activities of FAA were measured based on the scavenging 
activity of DHHP free radical (Barreto et al., 2008; Blois, 1958). Briefly, vitamin C 
standards and various FAA concentrations were freshly prepared and diluted in 
methanol. Ten microliters of methanol (as blank control) or FAA solution was added 
to 90 pi DPPH solution (to yield final FAA concentration of 0.2 mg/ml) in a 96-well 
microplate. The mixture was mixed thoroughly and incubated at room temperature 
for 30 min in the dark. After incubation, the decrease in the solution absorbance 
was measured at 492 nm on a Multiskan Ascent 354 microplate reader (Thermo 
Fisher Scientific, Rockford, IL, USA). The DPPH radical scavenging activity was calcu¬ 
lated as follows: 

DPPH radical scavenging activity (%) = (1 -A 0 /Ai) x 100 

where A 0 and are the absorbance of the control and FAA, respectively. Each exper¬ 
iment was repeated three times and found to be reproducible within acceptable 
experimental errors. 

2.6. Gelatin zymography 

The activities of MMP-2 and MMP-9 were assessed by gelatin-zymography as 
previously described (Chiu et al., 2011) with minor modification. Briefly, 3 x 10 5 
HI299 cells were seeded onto 12-well plates and cultured with various concentra¬ 
tions of FAA for 24 h. Cell lysate were prepared with standard SDS-PAGE loading 
buffer containing 0.01% SDS without fl-mercaptoethanol and were not boiled before 
loading. The samples were subjected to electrophoresis with 10% SDS polyacryl¬ 
amide gels containing 1% gelatin. The gels were thoroughly washed with distilled 
water containing 2.5% Triton X-100 to remove SDS. The gel was then incubated at 
37 °C for overnight followed by staining with Coomassie brilliant blue R-250 and 
de-staining with methanol-acetic acid-water (50/75/875, v/v/v). The gelatinase 
activity was detected as the unstained gelatin-degradation zones within the gel. 
Signal intensities were analyzed using Gel Pro v.4.0 software (Media Cybernetics, 
Silver Spring, MD, USA). 

2.7. Cell viability and proliferation assays 

In brief, a total of 1 x 10 3 cells was seeded onto well in a 96-well plate and trea¬ 
ted with PBS as vehicle or different FAA concentrations indicated for 24 h. After 
incubation, cell viability was determined by trypan blue dye exclusion assay com¬ 
bined with the Countess™ automated cell counter performed according to the man¬ 
ufacturer’s instruction (Invitrogen, Carlsbad, CA, USA). Cell proliferation was 
assessed on cells treated with FAA for 24 h using a tetrazolium salt, 4-[3-(4-iodo- 
phenyl) 2-(4-nitrophenyl) 2H-5-tetrazolio] 1,3-benzene disulfonate (WST)-l, which 
produces a highly water-soluble formazan dye by the active dehydrogenase from 
live cells. The WST-1 assay was performed according to the manufacturer’s 
instructions. 

2.8. Cell cycle analysis 

The cell cycle distribution was determined by propidium iodide (PI) staining as 
previously described (Chiu et al., 2010). In brief, 1 x 10 6 cells were treated with PBS 
(as vehicle control) or indicated FAA concentrations for 24 h. Cells were harvested 
with 0.25% trypsin, washed twice with PBS and fixed in 70% ethanol overnight. After 
centrifugation, the cell pellets were stained with 10 pg/ml PI (Sigma, St. Louis, MO, 
USA) and 10 pg/ml RNase A for 30 min at 37 °C in the dark. The samples were as¬ 
sayed using a FACScan flow cytometer (Becton-Dickinson, Mansfield, MA, USA) 
and the results were analyzed using the Cell-Quest software (Becton-Dickinson). 

2.9. Wound-healing assay 

The cellular migration was assessed as previously described (Chiu et al., 2011) 
with minor modification. A total of 3 x 10 5 HI299 cells were seeded onto 12-well 
plates and then grown to complete confluence. A 1000-pl plastic pipette tip was 
used to scratch the culture monolayer and create a clean 1-mm-wide wound area. 
Cells were treated with PBS (as vehicle control) or indicated concentrations of FAA. 
After further incubation at 37 °C for 16 h, the wound gaps were photographed and 
analyzed and calculated using the software “TScratch” (Geback et al., 2009). 

2.10. Boy den’s invasion assay 

To further examine the effect of FAA on invasion ability of HI299 cells, the 
transwell invasion assay was performed as described previously (Tseng et al., 
2009). Briefly, cells were seeded on the upper compartment of the Boyden’s Cham¬ 
ber with serum-free medium. The 8-pm pore-size pores of the upper insert (Thin- 
Cert™, Greiner, Frickenhausen, Germany) are precoated with matrigel as basement 


matrix. The 10% FBS was added in the lower chamber as a chemoattractant. Cells 
were incubated with indicated concentrations of FAA for 12 h. The cells on the low¬ 
er surface of the filter were paraformaldehyde-fixed, stained with Giemsa and 
counted. 

2.11. Statistical analysis 

All data are the means ± SD from at least independently triplicate experiments, 
with a three biological replicates per experiment. The significance of the differences 
was analyzed by a one-way analysis of variance (ANOVA) followed by a Dunnett’s t- 
test correction, with p < 0.05 as considered significant. 

3. Results 

3.1. Radical-scavenging activity of FAA 

To evaluate the radical scavenging activity of FAA, the DPPH as¬ 
say was performed. The antioxidant activity of FAA was measured 
by assessing the capacity of FAA to scavenge DPPH. The absorbance 
in solution decreases upon accepting hydrogen atoms from an anti¬ 
oxidant. As shown in Fig. 2B and Supplementary Fig. 2, all concen¬ 
trations (0.01, 0.03, 0.06, 0.15, 0.3 and 0.6 mM) of FA and FAA 
tested exhibited significant radical-scavenging activity as com¬ 
pared with the blank control. In addition, higher concentrations 
(0.15 mM and above) of FAA exhibited better radical-scavenging 
activity than FA (Fig. 2B) 

3.2. FAA reduces the level of intracellular ROS 

To investigate if FAA treatments affect ROS production, we 
examined intracellular oxidants by staining HI299 cells with 
DCFDA, which is oxidized by ROS to the highly fluorescent DCF. 
The DCF fluorescence was markedly diminished even at the lowest 
initial concentration (Fig. 3), suggesting that the effective ROS 
scavenge ability of FAA. 

3.3. The effect of FAA on proliferation of NSCLC cells 

To examine the effect of FAA on cell growth, HI299 cells were 
treated with PBS (as vehicle control) or different concentrations 
of FAA (ranging from final concentrations of 0.06-0.6 mM) for 
24 h and 48 h, respectively, before gross morphological change 
was observed by light microscopy. Morphologically, there was no 
significant change observed between the vehicle control and 
FAA-treated cells (data not shown). Additionally, the cell survival 
was assessed by WST-1 proliferation assay and FAA was found to 
exert no significant cytotoxic effect on proliferation even at the 
highest dose (0.6 mM) (Fig. 4). Similarly, the trypan blue exclusion 
assay showed that the non-cytotoxic property of FAA (data not 
shown). 

3.4. FAA causes a moderate accumulation of G2/M population 

Next, we examined the effects of FAA on cell cycle progression 
in HI 299 cells. With the increase of FAA concentrations, there was 
a significant drop in the G0/G1 phase, whereas a significant eleva¬ 
tion of the G2/M population was also observed (Supplementary 
Fig. 3 and Table 1). The observation that FAA treatments caused a 
significant accumulation of the G2/M population but not inhibition 
on cell proliferation of HI299 cells suggested the non-cytotoxic 
property of FAA. 

3.5. FAA attenuated migration of F11299 lung cancer cells 

To investigate if FAA treatments would influence the migration 
of NSCLC cells, wound-healing assay and gelatin zymography were 
performed on HI299 lung cancer cells. It was shown that the 
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Vitamin C (pM) 



Concentration (mM) 


Fig. 2. DPPH radical-scavenging capacity of FA and FAA FAA was tested in an antioxidant assay by measuring the DPPH radical-scavenging activity. Vitamin C was serially 
diluted in methanol from 500 pM to 7.8 pM (n = 3) and as positive control. FA and FAA were diluted in methanol from 0.6 mM to 0.01 mM (n = 3) and incubated with DPPH as 
described in Section 2. The radical-scavenging capacities of FA and FAA at various concentrations were quantified as the percentage decrease of absorbance at 492 nm against 
the blank control. *p < 0.05 and **p < 0.001, respectively. Veh, vehicles for FA and FAA were DMSO and H 2 0, respectively. 



Fig. 3. FAA down-modulates the endogenous level of ROS in HI299 cells One 
hundred thousand HI299 cells were seeded onto a 6-well plate and treated with or 
without the indicated doses of FAA (0.03, 0.06, 0.15, 0.3 and 0.6 mM) 24 h. 
Afterwards, the reduction of endogenous ROS was determined by DCFDA staining 
combined with a flow cytometry analysis. *p < 0.05 against vehicle. 

migration of HI299 lung cancer cells was inhibited by FAA in a 
dose-dependent manner, as demonstrated by the larger denude 
zones with increasing FAA concentrations at 16-h post-treatment 
(Supplementary Fig. 4A). Fig. 5A illustrates the quantitative analy¬ 
sis on the inhibition of migration ability by FAA treatments com¬ 
pared with the vehicle control. The calculated denuded zone 
(indicating the migratory ability of HI 299 cells) for FAA concentra¬ 
tions used at 0.03, 0.06, 0.15, 0.3 and 0.6 mM was 90.86 ± 1.68%, 



FAA (mM) 

Fig. 4. Effect of FAA on proliferation of NSCLC cells One thousand HI299 cells were 
seeded onto a 12-well plate and treated with the indicated doses of FAA for 24 h 
and 48 h respectively. Cell proliferation was determined using the WST-1 assay 
described in materials and methods. Veh, vehicle control. 


85.99 ±1.35%, 83.96 ±1.01%, 66.78 ±1.77% and 56.88 ±1.76% 
(n = 3), respectively. Likewise, the Boyden’s chamber assay showed 
the anti-invasion potential of FAA (Fig. 5B and Supplementary 
Fig. 4B). In addition, as MMPs-mediated degradation of extracellu¬ 
lar matrix plays an important role during tumor invasion, we used 
gelatin zymography to investigate the activities of MMP-2 and 
MMP-9 under a serum starvation condition of HI299 cells. After 
cells were treated with or without FAA for 24 h, a significant 
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Table 1 

Effect of FAA on cell cycle progression of NSCLC cells HI299 cells were treated with the indicated doses, 0.03, 0.06, 0.15, 0.3 and 0.6 mM of FAA for 24 h. After flow cytometric 
analyses, the quantification analysis on distribution of cell cycle progression on FAA-treated NSCLS cells was performed. Data are presented as mean ± S.D. (n = 3). Different letter 
notations indicate the statistical significance between vehicle control and FAA treatment groups (a, no significance; a vs. b and a vs. c, statistically significant with p < 0.005 and 
0.001, respectively). 


%phase/FAA (mM) 

Veh 

0.03 

0.06 

0.15 

0.3 

0.6 

Sub-Gl 

2.93 ± 0.3 a 

2.4 ± 0.2 a 

4.3 ± 0.2 b 

2.96 ±0.1 a 

3.06 ± 0.4 a 

4.3 ± 0.5 b 

G0/G1 

59.25 ± 0.4 a 

56.35 ±0.7 b 

48.28 ±0.1 c 

48.51 ±0.6 C 

43.88 ±0.6 C 

43.4 ± 0.1 c 

S 

10.97 ±0.5 a 

11.64 ± 0.4 a 

16.24 ± 0.8 C 

16.7 ±0.3 C 

17.04 ±0.3 C 

10.5 ± 0.3 a 

G2/M 

26.85 ±0.7 a 

29.61 ± l.l b 

31.18 ±0.9 b 

31.83 ±0.3 C 

36.02 ± 0.4 C 

41.8 ± 0.9 C 


a No statistical significance. 
b p < 0.05. 

c p< 0.001. 



FAA (mM) 



FAA (mM) 

Fig. 5. Effect of FAA on migration of NSCLC cells FAA was test for its inhibition on 
migration of HI 299 cells. (A) 5 x 10 5 cells were seeded onto a 12-well plate and 
scraped to create a clean 1-mm wide wound area within the confluent culture. Cells 
were treated with the indicated doses of 0.03, 0.06, 0.15, 0.3 and 0.6 mM of FAA for 
16 h. Afterwards, the wound gaps were photographed using an inverted phase- 
contrast microscopy and quantified as compared to the DMSO vehicle control. 
*p < 0.0001 vehicle versus FAA-treated. (B) The Boyden’s transwell invasion assay 
showed that FAA significantly inhibited the cellular invasion of HI299 cells (12 h). 
*p < 0.05 and **p < 0.001 for FAA treatments against vehicle. 

decrease in activation of both MMP-2 and MMP-9 was observed 
when compared with the untreated vehicle control (Fig. 6A and 
B). These results indicate that FAA inhibited the migration of 
IT1299 lung cancer cells and it could be mediated at least in part 
by inhibiting activities of MMP-2 and MMP-9.C 

4. Discussion 

In our current study, we investigated the ability of FAA, an ac¬ 
tive FA derivative, to affect migration of lung cancer FI1299 cells. 
Many chemopreventive and anti-cancer agents suffer from poor 
water-solubility, and therefore their further development in clini¬ 
cal therapeutics is limited. Similarly, the poor water solubility of 
FA (Maegawa et al., 2007), like other polyphenolic compounds, 
leads to its reduced bioavailability and may pose practical difficul¬ 


ties in its potential pharmacological applications, albeit the antiox¬ 
idant potential it exhibits. A previous study (Mota et al., 2008) has 
demonstrated that the water solubility of FA was 0.57 ± 0.01 mg/ 
ml and 2.19 ± 0.03 mg/ml at temperature 23 °C and 49 °C, respec¬ 
tively, in the acidic environment (pFI<3.5). Compared to the 
hydrophobicity of FA, we observed the feasible solubility of FAA 
(>10 mg/ml in water or PBS, unpublished data) at neutral pH value, 
indicating that FAA exerts a good hydrophilic property. The addi¬ 
tion of mono-saccharides (such as arabinose, galactose and xylose) 
has been shown to improve the water-solubility of hydrophobic 
compounds (Gray et al., 2003; Wen et al., 2011). Accordingly, our 
data suggested that the presence of arabinose may contribute to 
sound water solubility of FAA, which would be very useful when 
FAA is applied to future biological analysis and applications. 

As expected, the DPPH free-radical scavenging assay demon¬ 
strated that the strong antioxidant ability of FAA was comparable 
to FA (Fig. 2B). However, many compounds which exert in vitro 
anti-oxidative properties often up-regulate the ROS levels in cells 
in a dose-dependent manner (Jagdeo et al., 2010). In lung cancers, 
the large cell carcinoma exerted a high invasiveness compared to 
other NSCLC tumor cells (Seo et al., 2009; Shatz et al., 2010). Intra¬ 
cellular ROS, such as superoxide, has been shown to serve as a sec¬ 
ond messenger for signal transduction and signal amplification 
(Reth, 2002). ROS were reported to be essential for proliferation, 
adhesion and migration of cells (Huo et al., 2009; Shimizu et al., 
2009; Vermeij and Backendorf, 2010). For example, Huo’s work 
showed that ROS are critical mediators in epidermal growth factor 
(EGF)-induced proliferation and migration of corneal epithelial cell 
(Huo et al., 2009). As many cancers are known to possess elevated 
ROS levels that enhance their mobility, invasiveness and meta¬ 
static capabilities, we were intrigued to evaluate whether FAA 
would modulate the intracellular ROS levels in HI299 lung cancer 
cells. Our results showed that generation of intracellular ROS was 
significantly reduced in HI299 cells in a dose-dependent manner 
with all FAA concentrations tested (Fig. 3). 

To further evaluate the effects of FAA, other cellular parameters, 
including changes in cell morphology, viability, migration and cell 
cycle distribution were also performed in NSCLC HI299 cells. Our 
results showed that no significant changes in either cell prolifera¬ 
tion or morphology were observed in FAA-treated HI299 cells 
(Fig. 4 and data not shown). Additionally, in the higher FAA con¬ 
centration (0.6 mM) used, it exerted no significant cytotoxicity to¬ 
wards HI299 cancer cells as well as the normal lung fibroblast 
MRC-5 cells (data not shown). This indicated that FAA might pos¬ 
sess the potential of serving as an anti-oxidative agent in clinical 
or chemopreventive applications without inducing significant side 
effects. 

While FAA treatments did not elicit noticeable cytotoxicity, we 
found that a significant G2/M accumulation was observed in FAA- 
treated HI299 cells in a dose-dependent manner in a cell cycle dis¬ 
tribution analysis (Table 1 and Supplementary Fig. 3). Although 
p53 has been considered to be the major factor for driving G2/M 
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Fig. 6. Effect of FAA on activities of MMP-2 and MMP-9 After HI 299 cells were treated with or without different concentrations of FAA for 24 h, the activities of (A) MMP-2 
and (B) MMP-9 were detected by gelatin zymography (n = 3). Representative results are shown here. *p < 0.005 for FAA treatments against vehicle. 


cell cycle arrest, some alternative signaling events may drive G2/M 
accumulation in p53-deficient cancer cells. For example, 12-O-tet- 
radecanoylphorbol-13-acetate (TPA)-induced p21 expression 
causes the G2/M arrest is p53-independent in human breast carci¬ 
noma MDA-MB-231 cells. Additionally, a chaperone inhibitor, 17- 
allylamino-17-demethoxygeldanamycin (17AAG), causes G2/M ar¬ 
rest in p53-defective cells by down-regulating two checkpoint ki¬ 
nases, Chkl and Weel (Tse et al., 2009). Likewise, our previous 
study showed that Etoposide, a topoisomerase inhibitor, induced 
G2/M accumulation via p21 in p53-deficient HI299 cells (Chiu 
et al., 2005b). Therefore, it is speculated that FAA may similarly 
modulate the accumulation of G2/M phase via p21 or other p53- 
independent pathway in HI299 cells. However, the detail mecha¬ 
nism needs to be further examined. 

During cancer angiogenesis, MMPs play a pivotal role by help¬ 
ing degrade structural proteins surrounding blood vessels, soften¬ 
ing the vessel walls and accelerating the formation of new 
capillaries via the escape of endothelial cells into the interstitial 
matrix. Elevated levels of both MMP-2 and MMP-9 have been dem¬ 
onstrated with poor prognosis and metastasis in patients with lung 
cancer (Leinonen et al., 2008; Qian et al., 2010; Peng et al., 2012). 
Additionally, it has been documented that a higher accumulated 
ROS is often detected in cancer cells, and the intrinsic ROS induces 
activation and release of MMPs, especially MMP-2 and -9 (Wu, 
2006). Since MMPs-mediated degradation of extracellular matrix 
plays an important role during tumor invasion, we investigated if 
FAA treatments would cause change of activities of MMP-2 and 


MMP-9 in HI299 lung cancer cells. Our zymographic results dem¬ 
onstrated that FAA treatments, when used at 0.15 mM (for MMP-2) 
and 0.3 mM (for MMP-9) or above, can significantly reduce activi¬ 
ties of respective MMPs in HI299 lung cancer cells (Fig. 6). This 
suggests that this inhibitory ability of FAA on MMP-2 and MMP- 
9 might contribute to reduced migration of HI299 human lung 
cells. Therefore, it is strategically possible to inhibit cancer metas¬ 
tasis via lowering the intracellular ROS levels in cancer cells. Re¬ 
cently, it has been demonstrated that FA inhibits UV-induced 
expression of MMP-2 and MMP-9, the major causes for skin aging 
in mouse skin (Staniforth et al., 2012), suggesting the protective ef¬ 
fect of FA on photo-aging and photo-pathogenesis of skin. Their 
finding is consistent with our zymographic analyses on activities 
of MMP-2 and MMP-9. Consistent with these previous studies, 
the reduction of intracellular ROS might be the cause of attenuated 
MMP-2 and -9 activities, leading to the inhibition on migration of 
HI299 lung cancer cells (Fig. 5). 

It has been shown that drugs capable of enhancing the genera¬ 
tion of intracellular ROS can cause G2/M arrest in various cancer 
cells (Hong et al., 2012; Hseu et al., 2012). However, only few stud¬ 
ies reported the effects of ROS scavenger on cell cycle distribution. 
Recently, it was reported that grape antioxidants caused a Gl- 
phase arrest and may be involved in up-regulation of p21 c,pl and 
p27 k,pl expression in oral cancer cells (Lin et al., 2012). It has also 
been shown that the antioxidant properties of Liriodendron tulipif- 
era extract induced G2/M arrest in colon cancer cells (Wang et al., 
2012). Accordingly, Lin’s observation is consistent with the cell 
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cycle analysis in our current study, indicating the possible effect of 
ROS scavenger, such as FAA, on modulating cell cycle distribution. 

Previous studies showed that FA protects cells from nicotine-in¬ 
duced DNA damage and cellular changes in cultured rat lympho¬ 
cyte and rat (Sudheer et al., 2008, 2007), indicating the 
protective role of FA on cells. More recently, Janicke’s work showed 
that FA may contribute to the protective effect cells via modulating 
the progression of S-phase in colon cancer cells Caco-2 (Janicke 
et al., 2011). Additionally, data from various studies have demon¬ 
strated the anticancer effects of FA and its derivatives. For example, 
Clone’s work indicated that synthesized FA induced the release of 
cytochrome c from rat testes mitochondria (Cione et al., 2008). 
Additionally, Balakrishnan’s study demonstrated the protective 
role of FA on a carcinogen 7,12-dimethylbenz[a]anthracene 
(DMBA)-induced abnormal expression of p53 and bcl-2 proteins 
in the buccal mucosa of hamsters (Balakrishnan et al., 2010). In 
comparison with FA and other FA derivatives, our study showed 
that FAA exerted non-cytotoxic effects towards HI299 lung cells 
as well as normal fibroblasts (unpublished data). In addition, the 
wound healing assay showed that FAA significantly attenuated 
migration ability of NSCLC HI299 tumor cells, indicating its poten¬ 
tial effect on the metastasis of lung cancer cells. 

Very little was known regarding the effect of FA on lung cancers 
in past studies. Recently, Bandugula’s work demonstrated that 2- 
Deoxy-D-glucose (2-DG), a glycolytic inhibitor combining FA sensi¬ 
tized NSCLC H460 cells towards irradiation treatment (Bandugula 
and Rajendra Prasad, 2013). Furthermore, the enhanced anti-prolif¬ 
eration and apoptosis-inducing effect by co-treatment of 2DG and 
FA may act through up-regulating the expression of pro-apoptotic 
p53 in H460 cells (Bandugula and Rajendra Prasad, 2013). More 
than 50% of NSCLC cells were reported to be p53 mutated (Winter 
et al., 1992), and the p53 mutation was thought to contribute to 
chemoresistance and poor prognosis of cancer patients (Lin and 
Beer, 2012; Viktorsson et al., 2005). Interestingly, our results 
showed that FAA treatment inhibits the cellular migration and 
invasion of HI299 which was p53-deficient, suggesting that FAA 
could exert anti-cancer effect via p53-independent mechanism, 
and FAA application may provide a promising advantage on treat¬ 
ing p53-deficient lung cancers. 

In summary, results from our current study suggested that FAA 
is a potential antioxidant and is able to inhibit MMP-mediated lung 
cancer progression. To our best knowledge, this is the first research 
demonstration that FAA dramatically attenuated the migration 
ability of cancer cells by inhibiting MMP-2 and MMP-9 activity. 
In agricultural economics, FAA used in the study was isolated from 
coba husk which is one of the most abundant agricultural wastes in 
Taiwan. Therefore, the FAA production will greatly improve the 
economic value of coba husk. Accordingly, FAA could be a potential 
candidate of chemopreventive agent with good water solubility. 
Therefore, further investigation on the anti-tumor effects of FAA 
on other lung cancer cell models is warranted for the future devel¬ 
opment of treatment and chemoprevention for lung cancer. 


Conflict of Interest 

The authors declare that there is no conflict of interest. 


Acknowledgements 

This work was supported by the grants from ChiMei-KMU Joint 
Research Project (101-CM-KMU-ll), Kaohsiung Medical Univer¬ 
sity, Taiwan (M098007), Kaohsiung Medical University Research 
Foundation (KMUER-004), NSYSU-KMU Joint Research Project 
(NSYSUKMU 101-01,101-14 and 102-28) and the National Science 
Council, Taiwan (NSC101-2313-B-037-001, NSC101-2622-B-037- 


002-CC3, NSC101-2320-B-037-046-MY3 and NSC101 -2313-B- 
037-002). 

Appendix A. Supplementary material 

Supplementary data associated with this article can be found, in 
the online version, at http://dx.doi.Org/10.1016/j.fct.2013.05.019. 

References 


Balakrishnan, S., Manoharan, S., Alias, L.M., Nirmal, M.R., 2010. Effect of curcumin 
and ferulic acid on modulation of expression pattern of p53 and bcl-2 proteins 
in 7,12-dimethylbenz[a]anthracene-induced hamster buccal pouch 
carcinogenesis. Indian J. Biochem. Biophys. 47, 7-12. 

Ballal, K., Zhang, W., Mukhopadyay, T., Huang, P., 2002. Suppression of mismatched 
mutation by p53: a mechanism for guarding genomic integrity. J. Mol. Med. 
(Berl) 80, 25-32. 

Bandugula, V.R., Rajendra Prasad, N., 2013. 2-Deoxy-D-glucose and ferulic acid 
modulates radiation response signaling in non-small cell lung cancer cells. 
Tumour Biol. 34, 251-259. 

Barreto, J.C., Trevisan, M.T.S., Hull, W.E., Erben, G., de Brito, E.S., Pfundstein, B., Wu 
rtele, G., Spiegelhalder, B., Owen, R.W., 2008. Characterization and quantitation 
of polyphenolic compounds in bark, kernel, leaves, and peel of mango 
(Mangifera indica L.). J. Agric. Food Chem. 23, 5599-5610. 

Blois, M.S., 1958. Antioxidant determinations by the use of a stable free radical. 
Nature 181, 1199-1200. 

Buanafina, M.M.d.O., Langdon, T., Hauck, B., Dalton, S., Timms-Taravella, E., Morris, 
P., 2010. Targeting expression of a fungal ferulic acid esterase to the apoplast, 
endoplasmic reticulum or golgi can disrupt feruloylation of the growing cell 
wall and increase the biodegradability of tall fescue (Festuca arundinacea). 
Plant Biotechnol. J. 8, 316-331. 

Bunzel, M., Ralph, J., Marita, J.M., Hatfield, R.D., Steinhart, H., 2001. Diferulates as 
structural components in soluble and insoluble cereal dietary fibre. J. Sci. Food 
Agri. 81, 653-660. 

Chang, C.J., Chiu, J.H., Tseng, L.M., Chang, C.H., Chien, T.M., Wu, C.W., Lui, W.Y., 2006. 
Modulation of HER2 expression by ferulic acid on human breast cancer MCF7 
cells. Eur. J. Clin. Invest. 36, 588-596. 

Chiu, C.C., Chen, J.Y., Lin, K.L., Huang, C.J., Lee, J.C., Chen, B.H., Chen, W.Y., Lo, Y.H., 
Chen, Y.L., Tseng, C.H., Chen, Y.L., Lin, S.R., 2010. P38 MAPK and NF-kappaB 
pathways are involved in naphtho[l,2-b] furan-4,5-dione induced anti¬ 
proliferation and apoptosis of human hepatoma cells. Cancer Lett. 295, 92-99. 

Chiu, C.C., Lin, C.H., Fang, K., 2005b. Etoposide (VP-16) sensitizes p53-deficient 
human non-small cell lung cancer cells to caspase-7-mediated apoptosis. 
Apoptosis 10, 643-650. 

Chiu, C.C., Liu, P.L., Huang, K.J., Wang, H.M., Chang, K.F., Chou, C.K., Chang, F.R., 
Chong, I.W., Fang, K., Chen, J.S., Chang, H.W., Wu, Y.C., 2011. Goniothalamin 
inhibits growth of human lung cancer cells through DNA damage, apoptosis, 
and reduced migration ability. J. Agric. Food Chem. 59, 4288-4293. 

Cione, E., Tucci, P., Senatore, V., Perri, M., Trombino, S., lemma, F., Picci, N., Genchi, 
G., 2008. Synthesized esters of ferulic acid induce release of cytochrome c from 
rat testes mitochondria. J. Bioenerg. Biomembr. 40, 19-26. 

Ettinger, D.S., Akerley, W., Bepler, G., Blum, M.G., Chang, A., Cheney, R.T., Chirieac, 

L. R., D’Amico, T.A., Demmy, T.L., Ganti, A.K., Govindan, R., Grannis Jr., F.W., 
Jahan, T., Jahanzeb, M., Johnson, D.H., Kessinger, A., Komaki, R., Kong, F.M., Kris, 

M. G., Krug, L.M., Le, Q..T., Lennes, I.T., Martins, R., O’Malley, J., Osarogiagbon, R.U., 
Otterson, G.A., Patel, J.D., Pisters, K.M., Reckamp, K., Riely, G.J., Rohren, E., Simon, 
G.R., Swanson, S.J., Wood, D.E., Yang, S.C., 2010. Non-small cell lung cancer. J. 
Natl. Compr. Cancer Netw. 8, 740-801. 

Geback, T., Schulz, M.M., Koumoutsakos, P., Detmar, M., 2009. TScratch: a novel and 
simple software tool for automated analysis of monolayer wound healing 
assays. Biotechniques 46, 265-274. 

Gray, M.C., Converse, A.O., Wyman, C.E., 2003. Sugar monomer and oligomer 
solubility: data and predictions for application to biomass hydrolysis. Appl. 
Biochem. Biotechnol. 105-108, 179-193. 

Hong, Y.S., Hong, S.W., Kim, S.M., Jin, D.H., Shin, J.S., Yoon, D.H., Kim, K.P., Lee, J.L., 
Heo, D.S., Lee, J.S., Kim, T.W., 2012. Bortezomib induces G2-M arrest in human 
colon cancer cells through ROS-inducible phosphorylation of ATM-CHK1. Int. J. 
Oncol. 41, 76-82. 

Hseu, Y.C., Lee, M.S., Wu, C.R., Cho, H.J., Lin, K.Y., Lai, G.H., Wang, S.Y., Kuo, Y.H., 
Kumar, K.J., Yang, H.L., 2012. The chalcone flavokawain B induces G2/M cell- 
cycle arrest and apoptosis in human oral carcinoma HSC-3 cells through the 
intracellular ROS generation and downregulation of the Akt/p38 MAPK 
signaling pathway. J. Agric. Food Chem. 60, 2385-2397. 

Huo, Y., Qiu, W.Y., Pan, Q.., Yao, Y.F., Xing, K., Lou, M.F., 2009. Reactive oxygen species 
(ROS) are essential mediators in epidermal growth factor (EGF)-stimulated 
corneal epithelial cell proliferation, adhesion, migration, and wound healing. 
Exp. Eye Res. 89, 876-886. 

Jagdeo, J., Adams, L.M., Lev-Toy, H.M., Sieminska, J.B., Michl, J.M., Brody, N., 2010. 
Dose-dependent antioxidant function of resveratrol demonstrated via 
modulation of reactive oxygen species in normal human skin fibroblasts 
in vitro. J. Drugs Dermatol. 9, 1523. 

Janicke, B., Hegardt, C., Krogh, M., Onning, G., Akesson, B., Cirenajwis, H., Oredsson, 
S., 2011. The antiproliferative effect of dietary fiber phenolic compounds ferulic 


466 


H.-Y. Fang et al./Food and Chemical Toxicology 58 (2013) 459-466 


acid and p-coumaric acid on the cell cycle of Caco-2 cells. Nutr. Cancer 63, 611 — 
622. 

Jayaprakasam, B., Vanisree, M., Zhang, Y., Dewitt, D.L., Nair, M.G., 2006. Impact of 
alkyl esters of caffeic and ferulic acids on tumor cell proliferation, 
cyclooxygenase enzyme, and lipid peroxidation. J. Agric. Food Chem. 54, 
5375-5381. 

Karthikeyan, S., Kanimozhi, G., Prasad, N.R., Mahalakshmi, R., 2011. Radiosensitizing 
effect of ferulic acid on human cervical carcinoma cells in vitro. Toxicol. In Vitro 
25, 1366-1375. 

Leinonen, T., Pirinen, R., Bohm, J., Johansson, R., Kosma, V.M., 2008. Increased 
expression of matrix metalloproteinase-2 (MMP-2) predicts tumour recurrence 
and unfavourable outcome in non-small cell lung cancer. Histol. Histopathol. 
23, 693-700. 

Lin, J., Beer, D., 2012. Molecular predictors of prognosis in lung cancer. Ann. Surg. 
Oncol. 19, 669-676. 

Lin, Y.S., Chen, S.F., Liu, C.L., Nieh, S., 2012. The chemoadjuvant potential of grape 
seed procyanidins on p53-related cell death in oral cancer cells. J. Oral Pathol. 
Med. 41, 322-331. 

Liu, S., 2011. The ROCK signaling and breast cancer metastasis. Mol. Biol. Rep. 38, 
1363-1366. 

Maegawa, Y., Sugino, K., Sakurai, H., 2007. Identification of free radical species 
derived from caffeic acid and related polyphenols. Free Radic. Res. 41,110-119. 

Mota, F.L., Queimada, A.J., Pinho, S.P., Macedo, E.A., 2008. Aqueous solubility of some 
natural phenolic compounds. Ind. Eng. Chem. Res. 47, 5182-5189. 

Ohta, T., Semboku, N., Kuchii, A., Egashira, Y., Sanada, H., 1997. Antioxidant activity 
of corn bran cell-wall fragments in the LDL oxidation system. J. Agric. Food 
Chem. 45, 1644-1648. 

O’Rourke, N., Roque, I.F.M., Farre Bernado, N., Macbeth, F., 2010. Concurrent 
chemoradiotherapy in non-small cell lung cancer. Cochrane Database Syst. Rev., 
CD002140. 

Ou, S.Y., Jackson, G.M., Jiao, X., Chen, J., Wu, J.Z., Huang, X.S., 2007. Protection against 
oxidative stress in diabetic rats by wheat bran feruloyl oligosaccharides. J. Agric. 
Food Chem. 55, 3191-3195. 

Peng, W.J., Zhang, J.Q.., Wang, B.X., Pan, H.F., Lu, M.M., Wang, J., 2012. Prognostic 
value of matrix metalloproteinase 9 expression in patients with non-small cell 
lung cancer. Clin. Chim. Acta 413, 1121-1126. 

Pirker, R., Minar, W., 2010. Chemotherapy of advanced non-small cell lung cancer. 
Front. Radiat. Ther. Oncol. 42, 157-163. 

Poquet, L., Clifford, M.N., Williamson, G., 2008. Transport and metabolism of ferulic 
acid through the colonic epithelium. Drug Metab. Dispos. 36, 190-197. 

Qian, Q.., Wang, Q.., Zhan, P., Peng, L., Wei, S.Z., Shi, Y., Song, Y., 2010. The role of 
matrix metalloproteinase 2 on the survival of patients with non-small cell lung 
cancer: a systematic review with meta-analysis. Cancer Invest. 28, 661- 
669. 

Reth, M., 2002. Hydrogen peroxide as second messenger in lymphocyte activation. 
Nat. Immunol. 3, 1129-1134. 

Saulnier, L., Crepeau, M.J., Lahaye, M., Thibault, J.F., Garcia-Conesa, M.T., Kroon, P.A., 
Williamson, G., 1999. Isolation and structural determination of two 5, 5’- 
diferuloyl oligosaccharides indicate that maize heteroxylans are covalently 
cross-linked by oxidatively coupled ferulates. Carbohydr. Res. 320, 82-9 
2 . 

Seo, M., Nam, H.J., Kim, S.Y., Juhnn, Y.S., 2009. Inhibitory heterotrimeric GTP-binding 
proteins inhibit hydrogen peroxide-induced apoptosis by up-regulation of Bcl-2 
via NF-kappaB in HI299 human lung cancer cells. Biochem. Biophys. Res. 
Commun. 381, 153-158. 

Shatz, M., Lustig, G., Reich, R., Liscovitch, M., 2010. Caveolin-1 mutants P132L and 
YMF are dominant negative regulators of invasion, migration and aggregation 
in H1299 lung cancer cells. Exp. Cell. Res. 316, 1748-1762. 


Shimizu, H., Hirose, Y., Nishijima, F., Tsubakihara, Y., Miyazaki, H., 2009. ROS and 
PDFG-(3 receptors are critically involved in indoxyl sulfate. Am. J. Physiol. Cell 
Physiol. 297, C389-396. 

Srinivasan, M., Sudheer, A.R., Menon, V.P., 2007. Ferulic Acid: therapeutic potential 
through its antioxidant property. J. Clin. Biochem. Nutr. 40, 92-100. 

Stagos, D., Kazantzoglou, G., Magiatis, P., Mitaku, S., Anagnostopoulos, K., Kouretas, 
D., 2005. Effects of plant phenolics and grape extracts from Greek varieties of 
Vitis vinifera on mitomycin C and topoisomerase I-induced nicking of DNA. Int. 
J. Mol. Med. 15, 1013-1022. 

Staniforth, V., Huang, W.C., Aravindaram, K., Yang, N.S., 2012. Ferulic acid, a 
phenolic phytochemical, inhibits UVB-induced matrix metalloproteinases in 
mouse skin via posttranslational mechanisms. J. Nutr. Biochem. 23, 443-451. 

Sudheer, A.R., Muthukumaran, S., Kalpana, C., Srinivasan, M., Menon, V.P., 2007. 
Protective effect of ferulic acid on nicotine-induced DNA damage and cellular 
changes in cultured rat peripheral blood lymphocytes: a comparison with N- 
acetylcysteine. Toxicol. In Vitro 21, 576-585. 

Sudheer, A.R., Muthukumaran, S., Devipriya, N., Devaraj, H., Menon, V.P., 2008. 
Influence of ferulic acid on nicotine-induced lipid peroxidation, DNA damage 
and inflammation in experimental rats as compared to N-acetylcysteine. 
Toxicology 243, 317-329. 

Tanaka, T., Kojima, T., Kawamori, T., Wang, A., Suzui, M., Okamoto, K., Mori, H., 1993. 
Inhibition of 4-nitroquinoline-l-oxide-induced rat tongue carcinogenesis by 
the naturally occurring plant phenolics caffeic, ellagic, chlorogenic and ferulic 
acids. Carcinogenesis 14, 1321-1325. 

Tse, A.N., Sheikh, T.N., Alan, H., Chou, T.C., Schwartz, G.K., 2009. 90-kDa heat shock 
protein inhibition abrogates the topoisomerase I poison-induced G2/M 
checkpoint in p53-null tumor cells by depleting Chkl and Weel. Mol. 
Pharmacol. 75, 124-133. 

Tseng, M.Y., Liu, S.Y., Chen, H.R., Wu, Y.J., Chiu, C.C., Chan, P.T., Chiang, W.F., Liu, Y.C., 
Lu, C.Y., Jou, Y.S., 2009. Serine protease inhibitor (SERPIN) B1 promotes oral 
cancer cell motility and is over-expressed in invasive oral squamous cell 
carcinoma. Oral Oncol. 45, 771-776. 

Vermeij, W.P., Backendorf, C., 2010. Skin cornification proteins provide global link 
between ROS detoxification and cell migration during wound healing. PLoS One 
5, ell957. 

Viktorsson, K., De Petris, L., Lewensohn, R., 2005. The role of p53 in treatment 
responses of lung cancer. Biochem. Biophys. Res. Commun. 331, 868-880. 

Wagner, T.D., Yang, G.Y., 2010. The role of chemotherapy and radiation in the 
treatment of locally advanced non-small cell lung cancer (NSCLC). Curr. Drug 
Targets 11, 67-73. 

Wang, J., Yi, J., 2008. Cancer cell killing via ROS: to increase or decrease, that is the 
question. Cancer Biol. Ther. 7, 1875-1884. 

Wang, L., Xu, G.F., Liu, X.X., Chang, A.X., Xu, M.L., Ghimeray, A.K., Piao, J.P., Cho, D.H., 
2012. In vitro antioxidant properties and induced G2/M arrest in HT-29 cells of 
dichloromethane fraction from Liriodendron tulipifera. J. Med. Plants Res. 6,424- 
432. 

Wen, J.L., Xiao, L.P., Sun, Y.C., Sun, S.N., Xu, F., Sun, R.C., Zhang, X.L., 2011. 
Comparative study of alkali-soluble hemicelluloses isolated from bamboo 
(Bambusa rigida). Carbohydr Res. 346, 111-120. 

Winter, S.F., Minna, J.D., Johnson, B.E., Takahashi, T., Gazdar, A.F., Carbone, D.P., 
1992. Development of antibodies against p53 in lung cancer patients appears to 
be dependent on the type of p53 mutation. Cancer Res. 52, 4168-4174. 

Wu, W.S., 2006. The signaling mechanism of ROS in tumor progression. Cancer 
Metastasis Rev. 25, 695-705. 

Yuan, X., Wang, J., Yao, H., 2005a. Feruloyl oligosaccharides stimulate the growth of 
Bifidobacterium bifidum. Anaerobe 11, 225-229. 

Yuan, X.P., Wang, J., Yao, H.Y., 2005b. Antioxidant activity of feruloylated 
oligosaccharides from wheat bran. Food Chem. 90, 759-764. 


